Smad4/DPC4, a common signal transducer in transforming growth factor beta (TGF-␤) signaling, is frequently inactivated in human cancer. Although the ubiquitin-proteasome pathway has been established as one mechanism of inactivating Smad4 in cancer, the specific ubiquitin E3 ligase for ubiquitination-mediated proteolysis of Smad4 cancer mutants remains unclear. In this report, we identified the SCF Skp2 complex as candidate Smad4-interacting proteins in an antibody array-based screen and further elucidated the functions of SCF Skp2 in mediating the metabolic instability of cancer-derived Smad4 mutants. We found that Skp2, the F-box component of SCF Skp2 , physically interacted with Smad4 at the physiological levels. Several cancerderived unstable mutants exhibited significantly increased binding to Skp2, which led to their increased ubiquitination and accelerated proteolysis. These results suggest an important role for the SCF Skp2 complex in switching cancer mutants of Smad4 to undergo polyubiquitination-dependent degradation.
Loss of transforming growth factor beta (TGF-␤) antiproliferative actions is a major hallmark in human cancer (8, 32, 44) . TGF-␤ receptors and the intracellular signal transducers called Smads play a central role in the TGF-␤ signaling pathway (for the most recent reviews, see references 10 and 43) . In response to TGF-␤, receptor-regulated Smads (R-Smads) become phosphorylated and form a heterotrimeric complex with the common partner Smad4. The Smad complex is then transported into the nucleus, where it often cooperates with other transcriptional factors to regulate the transcription of TGF-␤ target genes (9, 31) . Emergent evidence has demonstrated that alterations in Smad, particularly the common mediator Smad4, occur frequently in human diseases, including cancers (5, 8, 32, 44) . For example, deletion and inactivating mutation of the human Smad4 gene occur in more than 50% of pancreatic cancer cases and in many other cancers (42) . Thus, elucidation of the mechanism and functions of Smad4 regulation will provide insight into the role of Smad4 (as well as other Smads) in TGF-␤ physiology and cancer development.
The ubiquitin-proteasome pathway controls the turnover of many oncoproteins and tumor suppressors, thus playing a major role in cancer development (1, 2, 7, 11, 14) . This pathway also regulates the stability of Smads. Recent studies have shown that R-Smads are posttranslationally modified by ubiquitin and can be irreversibly removed from the cell by the proteasome-mediated degradation system (25, 29, 53, 54) .
Ubiquitination, the covalent attachment of ubiquitin to proteins, predominantly serves to target proteins for degradation by 26S proteasomes (7) . Conjugation of ubiquitin is accomplished by an enzymatic cascade involving E1, E2, and E3 enzymes. Ubiquitin E3 ligases play the most significant role in substrate specificity. For example, the HECT-class E3 ligases Smurf1 and Smurf2 as well as their Drosophila homolog, dSmurf, selectively target specific Smads for degradation (24, 25, 37, 53, 54) . Smurf2-mediated degradation of Smad2 is a potential mechanism by which cancer cells may escape from TGF-␤ control. This notion is supported by our observations that Smurf2 inhibits TGF-␤ signaling (25) and also by the fact that Smurf2 is overexpressed in certain tumors (15) . Other major E3 ligase groups, such as the Skp1-Cl-F-box (SCF) complex, may also be involved in the regulation of Smad proteins. Indeed, a recent study reported the regulation of Smad3 stability by means of the ROC1-SCF Fbw1a complex (16) . Our knowledge on the regulation of Smad4 by the ubiquitinproteasome pathway, unlike that of R-Smads, is rather limited despite the key role of Smad4 in TGF-␤ signaling. Smad4 forms a heterotrimeric complex with R-Smads in response to TGF-␤ signals, but its activity is not regulated by TGF-␤ per se. Smad4 activity may be regulated by stability, as demonstrated by reports showing that the ubiquitin-proteasome pathway rapidly degrades cancer-derived mutants of Smad4 (33, 51) . More recently it has been found that Ras and Jab1 promote the proteolytic degradation of Smad4 (39, 48) . Recently, our laboratory and others have revealed that Smad4 is modified by SUMO-1, which increases the stability of Smad4 (23, 26, 27) . While these are interesting observations, the molecular pathway for the degradation of Smad4 remains enigmatic. Furthermore, no connection has been established between specific ubiquitin E3 ligases and the rapid degradation of cancer-derived Smad4 mutants.
SCF ubiquitin E3 ligases are composed of Skp1, Cul-1, a Roc/Rbx RING finger protein, and a modular F-box protein.
The F-box protein functions as a targeting subunit to recognize its substrate and thus determines the specificity in ubiquitination. Skp2 is the F-box component of the SCF ubiquitin E3 ligase that specifically recognizes and binds to its substrate (e.g., p27). Interestingly, Skp2 may function as an oncogene in cancer development (3, 17, 19, 45, 52) . Here we report that Skp2 controls Smad4 degradation through the ubiquitinationproteasome pathway. Furthermore, we found that Smad4 mutants that naturally occur in cancer exhibited increased binding to Skp2 and that their degradation was consequently accelerated. Our findings identify a novel switching mechanism for mutation-induced SCF Skp2 -mediated degradation of cancerderived Smad4 mutants.
duced in vitro with a TNT kit (Promega), were incubated with 1 g of glutathione S-transferase (GST) or GST-Skp2, as indicated in Fig. 2B and 3D . GST-Skp2-bound Smad4 variants were retrieved with glutathione-Sepharose beads at 4°C for 1 h. After extensive washing of GST fusions and binding proteins in 25 mM Tris-HCl (pH 8.0)-300 mM NaCl-1% Triton X-100, Skp2-bound Smad4 was separated by SDS-PAGE and visualized by autoradiography.
In vitro ubiquitination. In vitro ubiquitination assays were performed as previously described (50) . Recombinant baculoviruses expressing GST-Skp1, Cul1, Roc1, and Flag-Skp2 were kindly provided by Wade Harper. Baculoviruses were amplified in Sf9 cells, and coinfections were carried out in Hi-Five cells (Invitrogen). The SCF complex was purified by GST affinity chromatography and stored in QA buffer at Ϫ80°C (50) . A typical ubiquitination reaction was carried out in a final volume of 30 l containing 250 ng of E1 (Boston Biochemical), 3 g of 6His-cdc34, 5 g of SCF Skp2 complex, 1 g of ubiquitin, 1.5 g of methylated ubiquitin (Boston Biochem), 1 M ubiquitin aldehyde, 2 l MG132, 2.5 l of 10ϫ ER (50) , and 1 mM dithiothreitol. The reaction mixture was incubated at 30°C for 2 h. Anti-Smad4 Western blot analysis was used to evaluate the results.
In vitro kinase assay. The in vitro kinase assay was performed according to the manufacturer's instructions (Upstate Biotech). One microgram of either purified Smad4 protein (wild type or R100T) or GST-fused Smad4 protein on glutathione-Sepharose beads was incubated with 40 to 100 ng of recombinant active kinase proteins (Upstate), 100 M unlabeled ATP in the absence or presence of 5 Ci of [␥-
32 P]ATP (Amersham) for 20 min at 30°C. The samples were subjected to SDS-PAGE, and phosphorylation of Smad4 protein was detected by antiphosphoserine Western blotting (Zymed) or autoradiography.
RNA interference. The Skp2 short interfering RNA (siRNA) (GCAAAGG GAGTGACAAA) was from Dharmacon Research. The siRNA was transfected into AsPC1 cells with Lipofectamine 2000 (Invitrogen), as described before (27) , and 48 h after siRNA transfection, cells were harvested for anti-Smad4 or anti-Skp2 Western blotting analysis.
Immunofluorescence. HeLa cells transfected as specified in the text and figure legends (Fig. 2B) were grown on coverslips, fixed with cold methanol, and blocked with 2% bovine serum albumin in phosphate-buffered saline, pH 7. Cells were then stained with anti-Flag polyclonal (Sigma) or anti-Skp2 monoclonal (Zymed) antibodies, followed by fluorescein isothiocyanate-conjugated anti-rabbit or Texas Red-anti-mouse immunoglobulin antibody, and examined with a Zeiss Axioplan II microscope.
RESULTS

Smad4 and Skp2 interact under physiological conditions.
To search for novel regulators of Smad4, we carried out a protein interaction screen with an antibody-based array method. The array antibodies recognize specific antigens and also coprecipitate proteins (e.g., Smad4) that are associated with the antigen in the total cell lysate. To increase the abundance of Smad4, and thus its chance of binding to potential interacting proteins, we transfected a Flag-tagged Smad4 cDNA into 293T cells. Total cell lysates from transfected cells were incubated with a commercially available membrane filter spotted with antibodies against 400 different signal-transducing proteins. Immunodetection with anti-Smad4 recognizes Smad4 that binds to the specific antigen-antibody complex on the array. Of the 400 antibodies (against signal transducers and transcription factors) screened, approximately 20 candidate proteins were identified as proteins that potentially interact with Smad4. Skp2 and Cul1 were among these candidate Smad4-interacting proteins (Fig. 1A ). Skp2 and Cul1 are components of the SCF Skp2 E3 ligase complex, suggesting their potential role in the regulation of Smad4 stability.
Skp2 is the substrate-binding unit of SCF Skp2 E3 ligase. We next evaluated the ability of endogenous Smad4 to interact with endogenous Skp2. Proteins extracted from HeLa and 293T cells were immunoprecipitated with either anti-Skp2 or a control polyclonal antibody. Immunoprecipitated proteins were analyzed by Western blotting with an anti-Smad4 mono-clonal antibody. As shown in Fig. 1B , endogenous Smad4 was present in the anti-Skp2-immunoprecipitated complex in both the HeLa and 293T cell extracts. Furthermore, as a control, unrelated antibody immunoglobulin G did not pull down Smad4 (Fig. 1B) . Thus, Smad4 interacts with Skp2 at physiological levels.
To verify that Skp2 is a true SMAD4-interacting protein, we performed a coimmunoprecipitation experiment. Mammalian expression plasmids for Flag-Skp2 and HA-labeled Smads 1 to 4 were transfected into 293T cells. Formation of the Skp2-Smad4 immunocomplex was detected by immunoprecipitation with anti-Flag antibody, followed by an anti-HA Western blot. In contrast, the R-Smads tested, Smad1, Smad2, and Smad3, could not interact with Skp2 ( Fig. 2A) . Furthermore, the interaction appeared to be independent of TGF-␤ receptor activation ( Fig. 2A ). These results demonstrate the specific association between Smad4 and Skp2.
Smad4 is a nucleocytoplasmic shuttling protein. We next investigated the subcellular location of the Skp2-Smad4 interaction. For this purpose, we carried out an immunofluorescence assay to determine whether the Smad4 and Skp2 proteins colocalize in cells. HeLa cells were transfected with Skp2 and Smad4 (wild type or cancer-derived R100T and G65V mutants). As shown in Fig. 2B , transfected Smad4 (wild type) was present in the nucleus, while two cancer-derived Smad4 mutants, R100T and G65V, were found in both the nucleus and the cytoplasm. The mutants carry an Arg-to-Thr mutation at amino acid 100 (R100T) or a Gly-to-Val mutation at amino acid 65 (G65V). Since the mutations cause rapid degradation of the mutant proteins in a proteasome-dependent manner (51) , the transfected cells were treated with the proteasomal inhibitor MG132 to visualize the mutants in the cells. After leptomycin B treatment, the cells expressing these mutants stained only in the nucleus, suggesting that these mutants could undergo nuclear import (data not shown). Importantly, staining of Smad4 proteins (wild type or mutant) overlapped that of Skp2, which is a nuclear protein. These results further support the notion that Skp2 may serve as a ubiquitin E3 ligase for colocalized Smad4 proteins.
Unstable cancer-derived mutants of Smad4 display stronger binding to Skp2. While some mutations inactivate the signaling activity of Smad4 protein, others, such as the R100T mutation, render it unstable. Since we had shown that Skp2 bound to Smad4, we sought to test whether this mutant had higher affinity to Skp2. Interestingly, we found that in 293T cells, anti-Flag(Skp2) immunoprecipitation could pull down not only Flag-tagged Skp2 (Fig. 3A , bottom, lanes 2 and 4), but also His-tagged Smad4 (Fig. 3A , upper, lanes 2 and 4). The level of immunoprecipitated R100T mutant (lane 4) was much higher than that of wild-type Smad4 (lane 2), which was barely detectable. A longer exposure of the blot clearly confirmed the interaction of wild-type Smad4 with Skp2 (data not shown). Thus, the unstable nature of the R100T mutant correlates well with its strong binding to Skp2, suggesting that SCF SKP2 serves as a ubiquitin E3 ligase for the Smad4 cancer mutant.
We also tested whether ␤TRCP, another Smad4-binding clearly showed that, like Skp2, ␤TRCP also exhibited stronger binding to R100T mutant than did wild-type Smad4. In addition, overexpression of ␤TRCP also resulted in rapid degradation of Smad4 mutants (data not shown). The data suggest that Skp2 and ␤TRCP may both act as E3 ligases for degradation of Smad4 cancer mutants. However, our current study focused on the functions of Skp2.
To explore the possibility that increased binding to Skp2 is a common attribute of other unstable mutants of Smad4 derived from cancer cells, we tested the ability of two other mutants to interact with Skp2 in a coimmunoprecipitation assay. Smad4 G65V has a single Gly3Val substitution at amino acid 65 that was first identified in colorectal cancer (30) , while L43S possesses a Leu3Ser mutation at amino acid 43 and is present in pancreatic cancer (21) . Both G65V and L43S have a shorter half-life than wild-type Smad4 (33) . Interestingly, the data in Fig. 3C indicate that both mutants exhibited a strong interaction with Skp2 which was comparable to the R100T-Skp2 interaction. In sharp contrast, synthetic mutants T276A and K507A had a very weak interaction with Skp2 (Fig. 3C ). This suggests that increased binding to Skp2 might be responsible for the rapid turnover of the cancer-derived Smad4 mutants under study.
To establish whether Smad4 interacts with Skp2 directly, we carried out GST pulldown binding assays. The results in Fig.  3D clearly demonstrated that GST-Skp2 immobilized on glutathione-agarose beads could retrieve radioactively labeled in vitro-translated Smad4 but not green fluorescent protein (GFP) (a negative control). The level of Skp2-bound R100T was somewhat higher (about twice) than that of Skp2-bound wild-type Smad4, but not to the extent that we observed in vivo ( Fig. 3A and C) . Furthermore, Skp2 appeared to interact with the G65V and L43S mutants as with the wild type. These results suggest that the increased binding of Skp2 to Smad4 mutants in vivo may be primarily attributed to differential posttranslational modifications or subcellular localization of mutated Smad4 molecules.
Both F-box and LRR motifs mediate Skp2 interaction with Smad4. Skp2 has a Skp1-binding F-box, three atypical leucinerich repeats (LRRs), and the C-terminal seven typical LRRs. Skp2 binds to the substrate through its C-terminal seven LRRs (40) . To determine whether this also holds true for Smad4 binding, we constructed a series of Skp2 constructs that harbored deletions of different domains. We next determined the ability of these deletion mutants to interact with R100T.
It was anticipated that use of R100T, which binds to Skp2 more strongly than wild-type Smad4 (Fig. 3A and C) , should facilitate easy detection of the Smad4-Skp2 interaction. As expected, seven LRRs (as in amino acids 207 to 390 or 207 to 424) were sufficient to bind to R100T (Fig. 4A, lanes 5 and 3) . Surprisingly, we found that deletion of seven LRRs did not abolish the capacity of Skp2 to interact with R100T (Fig. 4A,  lane 2) . Like seven LRRs, the F-box was not essential for binding to R100T (lane 6). Furthermore, the Skp2 mutant (amino acids 1 to 142) with removal of both the three LRRs and seven LRRs, still retained the ability to interact with R100T (Fig. 4A, lane 10) . Further deletion of the F-box from amino acids 1 to 142 abolished binding to R100T, as seen in the Skp2 mutant (amino acids 1 to 96) (Fig. 4A, lane 15) . The Smad4-binding capacity of the Skp2 deletion mutant (amino acids 1 to 142) but not the Skp2 deletion mutant (amino acids 1 to 96) was also reproduced in an in vitro binding assay (data not shown). These results suggest that besides seven LRRs, the usual substrate-binding motif, other regions of Skp2 are also in contact with Smad4 protein (Fig. 4C) .
To map the Smad4 domain that interacts with Skp2, we performed a GST in vitro binding experiment with deletion mutants of Smad4. The interaction of these mutants with Skp2 is shown in Fig. 4B. Smad4N(1-185) and Smad4NL(1-323) bound to Skp2 (lanes 3 and 7) . In contrast, deletion of the MH1 or N domain (as in the L, C1, and C2 mutants) abolished the ability to interact with Skp2 (lanes 4 to 6). Therefore, Smad4 interacted specifically through its MH1 domain with Skp2 (Fig. 4C) . SCF Skp2 induces ubiquitination of Smad4 cancer mutants. Based on our observations that Skp2 displayed a stronger binding to Smad4 mutants (Fig. 3A and C) , we further investigated whether Skp2 induced increased ubiquitination of these Smad4 mutants with R100T as an example. We transiently transfected HeLa cells with 6ϫHis-Smad4, Flag-tagged Skp2, and HAtagged ubiquitin (wild type). His-Smad4 was precipitated with Ni-NTA-agarose from cell lysates under denaturing conditions (to remove nonspecific Smad4-binding proteins), followed by anti-HA Western blotting. In agreement with an earlier report (27, 33, 51 ), R100T exhibited a high level of polyubiquitination in comparison to wild-type Smad4 (Fig. 5A,  lanes 3 and 5) . While the level of wild-type Smad4 ubiquitination increased moderately in cells overexpressing Skp2 (Fig.  5A, lane 4) , coexpression of Skp2 induced a marked increase in polyubiquitination of R100T (Fig. 5A, lane 6) .
To establish whether wild-type Smad4 or R100T is a direct substrate of SCF Skp2 , in vitro assays were performed to determine whether SCF Skp2 mediates polyubiquitination of recombinant Smad4. Cell-free SCF Skp2 complexes were assayed for the ability to attach polyubiquitin chains to recombinant wildtype Smad4 or the R100T mutant. As shown in Fig. 5B , the SCF Skp2 complex were capable of polyubiquitinating both wildtype Smad4 and R100T, suggesting that Smad4 and its mutant are a direct ubiquitination target of SCF Skp2 (lanes 3 and 5). The level of polyubiquitination of R100T was higher than that of wild-type Smad4. Furthermore, we compared the effect of a Skp2 F-box deletion mutant with that of wild-type Skp2. Skp2⌬F (the F-box deletion mutant) was unable to promote R100T polyubiquitination as efficiently as wild-type Skp2, emphasizing the importance of Skp2 F-box integrity in R100T ubiquitination (Fig. 5C, lane 7) .
Skp2 promotes the degradation of Smad4 cancer mutants. To confirm a relationship between SCF Skp2 -mediated polyubiquitination and Smad4 degradation, we investigated whether SCF Skp2 could induce faster degradation of the cancer mutants. Expression plasmids for wild-type Smad4 and three Smad4 mutants were cotransfected with or without Skp2 into HeLa cells. Steady-state levels of Smad4 variants were assessed by Western blotting. Since Smad4 mutants are unstable proteins, larger amounts of their cDNAs were used for transfection. As illustrated in Fig. 6A , coexpression of Skp2 significantly reduced the levels of all three cancer mutants, whereas it had no effect on the steady-state level of wild-type Smad4. Furthermore, Skp2 promoted the degradation of R100T (Fig.  6B) and the other mutants (data not shown) in a dose-dependent manner.
In addition, the ability of Skp2 to degrade R100T was dependent on F-box integrity, since Skp2⌬F (the F-box deletion mutant) was unable to reduce the level of R100T protein (Fig.  6C ). This observation is consistent with the data in Fig. 5C , showing that Skp2⌬F is unable to promote R100T polyubiquitination as efficiently as wild-type Skp2, emphasizing the importance of Skp2 F-box integrity in R100T degradation.
We next determined whether the diminished steady-state levels of the Smad4 mutants are correlated with their increased turnover. We examined the effect of Skp2 on the metabolic stability of Smad4, R100T, and G65V in a pulse-chase experiment. In the absence of Skp2, the half-life of wild-type Smad4 was around 10 h, whereas the R100T and G65V mutants each had a half-life of only 4 h ( Fig. 6D and E ), in agreement with previous studies (27, 33, 51) . Notably, introduction of exogenous Skp2 shortened the half-lives of R100T and G65V to 2.5 and 3 h, respectively ( Fig. 6D and E) . This indicates that Skp2 expression reduced the half-lives of the cancer mutants by 25 to 35%, whereas it had no effect on the half-life of wild-type Smad4 ( Fig. 6D and E 
Skp2 mediates proteasome-dependent proteolysis of endogenous R100T protein in AsPC1 cells.
After establishing the role of Skp2 as the E3 ligase for Smad4 cancer mutants in transfection studies, we sought to determine whether depletion of endogenous Skp2 restored the level of Smad4 mutants in cells. To this end, an siRNA for Skp2 was transfected into the pancreatic cancer cell line AsPC1, which naturally carries the R100T mutation in Smad4. As shown in Fig. 7A , siSkp2 significantly reduced the expression of Skp2 by up to 80% (Fig.  7A, bottom) . Furthermore, siSkp2 profoundly increased the level of Smad4 (Fig. 7A, top) , which correlated inversely with the level of Skp2 protein. In sharp contrast, an irrelevant siRNA against Drosophila Smurf (siLack) had little effect on the Smad4 level (Fig. 7A, top) .
Since Skp2 is an S-phase protein and causes R100T degradation ( Fig. 6 and 7A) , we next tested whether the steady-state level of the R100T mutant protein fluctuated during the cell cycle. We first synchronized AsPC1 cells by serum starvation and then determined the cell cycle phase by fluorescenceactivated cell sorting analysis. As expected, the level of Skp2 protein increased dramatically in the S phase, which corresponds to 12 to 20 h after serum stimulation. Accordingly, the level of the R100T mutant decreased as that of Skp2 increased (Fig. 7B, lanes 4 to 6) . Taken together, the results in Fig. 7 clearly demonstrate an inverse correlation between Skp2 and R100T in AsPC1 cells, further suggesting that Skp2 controls the turnover of Smad4 mutants in cancer cells.
JNK/p38 kinase induces serine phosphorylation and proteasomal degradation of R100T protein. As SCF binds to most substrates in a phosphorylation-dependent manner (18), we wanted to test whether phosphorylation of Smad4 cancer mutants is a prerequisite for their proteasomal degradation. A previous study implicates the involvement of mitogen-activated protein kinase pathways in Ras-mediated Smad4 degradation (39) . Thus, we examined whether inhibitors of ERK, Jun Nterminal kinase (JNK), or p38 kinase had any effect on blocking R100T degradation in AsPC1 cells. Consistent with the role of Skp2 in the proteasomal degradation of R100T, proteasomal inhibitor MG132 markedly increased the Smad4 level in AsPC1 cells (Fig. 8A, lane 2) . As also shown in Fig. 8A , we found that the inhibition of ERK, JNK, and p38 kinase had different effects. Addition of SB203580 (a specific p38 kinase inhibitor) and JNK inhibitor II significantly increased the accumulation of Smad4 proteins to a level similar to that observed after MG132 addition. In contrast, Smad4 remained scarcely detectable in the presence of the specific MEK1 inhibitor U0126. Interestingly, R100T was also stabilized in the absence of high serum (Fig. 8A, lane 6) , likely due to the lack of JNK and p38 kinase activities under serum-free conditions.
To provide further evidence for the role of the JNK and p38 kinases in promoting the degradation of Smad4 mutants, we determined whether the JNK and p38 kinase activities were important for Smad4-Skp2 interaction. 293T cells were first transfected with HA-Skp2 and Flag-tagged Smad4 (wild type or R100T) and treated with JNK and p38 kinase inhibitors, and an immunoprecipitation-Western assay was then performed to detect the presence of Smad4-associated Skp2. The results in Fig. 8B showed that the JNK and p38 inhibitors reduced the binding of R100T to Skp2, although the p38 inhibitor was less potent. The data suggest that JNK-mediated phosphorylation of the mutant precedes its Skp2 binding.
We next determined whether the R100T mutant was preferentially phosphorylated in cells. As shown Fig. 8C , the R100T mutant was strongly phosphorylated on serine residues (lane 2), whereas the phosphorylation of wild-type Smad4 or Smad3 was not detectable (lane 1 and 3). We noticed that the phosphoserine antibody (Zymed) recognized multiple retarded bands, indicating the presence of multiple serine phosphorylation sites on R100T as well as the G65V and L43S mutants ( Fig. 8C and D) . In addition, JNK and p38 kinase inhibitors reduced the level of R100T phosphorylation (Fig.  8D, lane 7 and 8) . Furthermore, JNK and p38 kinases (data not shown) could directly phosphorylate the R100T mutant in an in vitro assay (Fig. 8E and F) . Conversely, addition of the JNK inhibitor abolished the JNK-dependent phosphorylation of the recombinant R100T protein in antiphosphoserine Western blot analysis (Fig. 8E ) and the in vitro 32 P-labeled kinase assay (Fig. 8F) .
Taken together, these results suggest an important role of the JNK and p38 kinases in the regulation of stability of Smad4 mutants in cancer cells. Mutants, particularly those carrying mutations in the MH1 domain, were preferentially phosphorylated by JNK or p38 kinase, likely on serine residues. JNKand p38-mediated phosphorylation leads to increased binding of the mutants to the SCF E3 complex and ultimately causes rapid destruction of these mutants in cancer cells.
DISCUSSION
Smad proteins play a key role in cell growth arrest in response to TGF-␤. Aberrations in TGF-␤ signaling, from dysfunction of receptors to Smad inactivation, can lead to deregulated cell proliferation or extracellular matrix deposition. Emergent evidence demonstrates that alterations in the common TGF-␤ effecter Smad4 occur frequently in human cancers (41) . Thus, elucidating the mechanism of Smad4 regulation and its possible functions will provide insight into the role of Smad4 in tumorigenesis. Previous studies have shown that a number of Smad4 missense mutations found in cancer cause their accelerated proteolysis (27, 33, 51) . Still, the E3 ligase that targets Smad4 cancer mutants for rapid destruction has never been identified. In this study, we ascertained a physio- (33) . In addition, our findings that Skp2 promotes ubiquitin-dependent degradation of Smad4 cancer mutants is consistent with both the oncogenic roles of Skp2 (3, 17, 19, 45, 52) and the tumor suppressor functions of Smad4 (41) .
Skp2 controls the turnover of several key cell cycle regulatory proteins, including the tumor suppressor proteins retinoblastoma-related p130 and the cyclin-dependent kinase inhibitor p27
Kip1 (4, 6, 46) . Skp2 is the F-box component of the SCF Skp2 complex, which consists of Rbx1, Cul1, and Skp1, and it is the subunit that directly binds to substrates through its LRR motif. It has previously been shown that the level of Skp2 is inversely correlated with that of p27 Kip1 in oral, colorectal, breast, and prostate cancers (3, 17, 19, 45, 52) . Upregulation of Skp2 expression can thus contribute to tumorigenesis by initiating an increased turnover of growth inhibitors.
Our present work points to a novel mechanism for degrading the tumor suppressor Smad4. Unlike p27, which is rarely mutated in cancer, Smad4 is deleted or mutated in more than half of pancreatic cancers and in about one third of colon cancers with microsatellite instability (42) . While some mutations inactivate the transcriptional capacity of Smad4, certain missense mutations in cancer cells, i.e., R100T, G65V, and L43S, probably introduce conformational changes to Smad4 which make it more susceptible to degradation. Our work suggests that these conformational changes have uniquely caused an increased affinity to the E3 ligase SCF Skp2 . Without an increase in the Skp2 level, the increased binding to SCF Skp2 suffices to wipe out these mutants from cancer cells.
The same or a similar mechanism may operate for ␤TRCP-mediated regulation of the stability of Smad4 mutants. Like Skp2, ␤TRCP is also an F-box component of an SCF class E3 ligase and targets cell cycle regulators such as cdc25A, ␤-catenin, and IB␣ for ubiquitin-dependent degradation (20; reviewed in references 7, 11, 14, and 18). After the original submission of our manuscript, Wan et al. reported that ␤TRCP promotes the turnover of wild-type Smad4 protein and inhibits basal TGF-␤ signaling (48) . Interestingly, here we found that ␤TRCP also strongly binds to the cancer-derived mutants of Smad4 (Fig. 3B) bind to Skp2 independently of phosphorylation (22, 47) . Conversely, our study demonstrates that Smad4 cancer mutants are preferably modified in cells and consequently possess higher affinity to Skp2. We observed that these mutants sometime migrate as a doublet, indicating possible phosphorylation. Stabilization of endogenous R100T by p38 and JNK inhibitors further supports the notion that p38 and JNK kinases may induce phosphorylation of Smad4 mutants (Fig. 7B) . Indeed, an antiphosphoserine antibody (Zymed) recognized the upper bands of R100T. These phosphorylated species of R100T disappeared after cells were treated with a JNK inhibitor (Fig.  8D) . In a cell-free assay, JNK also phosphorylated recombinant Smad4, which could be completely inhibited by a JNK inhibitor ( Fig. 8 and F) . Furthermore, these inhibitors also blocked the degradation of transfected cancer mutants in the presence of Skp2 or Ras (data not shown). Oncogenic Ras has been reported to promote Smad4 degradation, likely through the MEK/ERK pathway, in transformed rat intestinal epithelial cells (39) . Although we were unable to detect proteolysis of wild-type Smad4 by either Skp2 or Ras in HeLa or 293T cells, Skp2-mediated degradation of Smad4 cancer mutants appears to occur on serine residues through the p38 and/or JNK pathway (Fig. 8) . A recent work reports the ERK-mediated phosphorylation of Smad4 at T277, but this phosphorylation appears to play a positive role in Smad4 signaling (38) and thus is unlikely to contribute to Smad4 degradation. Further identification of the phosphorylated serine residues will provide more insight into the proteasomal degradation of Smad4 mutants in cancer.
Recent studies have demonstrated the importance of sumoylation in regulating TGF-␤ signaling (23, 26, 27) . While Smad4 is a sumoylated protein (23, 26, 27) , the R100T mutant could not be modified by SUMO-1 (27) but had an increased level of ubiquitination (27, 33, 51) . Our preliminary study further extends the inverse correlation between sumoylation and ubiquitination to other cancer mutants, i.e., G65V and L43S (data not shown). While sumoylation occurs in the nucleus and also enhances nuclear retention of wild-type Smad4 (27) , the locations where the mutants become ubiquitinated and degraded remain unknown. It has previously been reported that mutants such as R100T and L43S are predominantly localized in the cytoplasm even in the presence of TGF-␤, and G65V is also mostly cytoplasmic, although it undergoes partial nuclear import induced by TGF-␤ (34).
Since Skp2 is primarily localized in the nucleus, how does Skp2 ubiquitinate and degrade these mutants? Our current study demonstrates that MG132 treatment not only causes increases in the total levels of these mutants in cells but also significantly promotes their nuclear localization (Fig. 2B) . Leptomycin B, an inhibitor of CRM1-dependent nuclear export, completely rendered these mutants in the nucleus (data not shown). These findings suggest that the cancer mutants have the ability to undergo nuclear localization (Fig. 2B) . In the nucleus, where Skp2 is present, the mutants, which are not modified by SUMO (27) , may be susceptible to Skp2-mediated ubiquitination and degradation (see our working model in Fig.  9 ). In agreement with this notion, Skp2 and Smad4 mutants colocalized in the nucleus in the presence of MG132 (Fig. 2B) . However, our study has not ruled out the possibility that the Skp2-Smad4 complex may form in the nucleus but that the complex is rapidly exported to the cytoplasm, where Smad4 degradation takes place.
We have provided compelling evidence for an oncogenic function of the SCF Skp2 complex in the destruction of Smad4 mutants. Still, since Skp2 interacts with normal Smad4 under physiological conditions, one question remains: what is the effect of this interaction on normal TGF-␤ signaling? Our data indicate that wild-type Smad4 is not significantly affected by Skp2-mediated events. We observed only a mild increase in ubiquitination in vivo and no Skp2-induced reduction in wildtype Smad4 half-life. Thus, the function of Skp2 is somewhat different from that of ␤TRCP in the regulation of the basal level of wild-type Smad4. While ␤TRCP promotes the turnover of wild-type Smad4 protein and inhibits basal TGF-␤ signaling (48), Skp2 does not inhibit the TGF-␤-mediated Smad4-dependent induction of reporter gene activity such as the SBE-luc response (data not shown). On the contrary, Skp2 unexpectedly stimulates and siSkp2 suppresses the TGF-␤-induced SBE-luc reporter activity (data not shown).
We speculate that this positive effect may be explained by the degradation of an inhibitor of TGF-␤ signaling. It is also possible that Skp2 participates in the mono-ubiquitination of Smad4. Smad4 has been reported to be monoubiquitinated at Lys-507, which plays a positive role in Smad oligomerization and subsequent signaling (33) . An E3 ligase has not yet been identified for Smad4 monoubiquitination. In addition, since Skp2 has been reported to act as a coactivator for Myc protein, Skp2 might potentiate Smad4 transcriptional activity by recruiting the proteasome's nonproteolytic functions to the Smad-DNA complex (22, 47) . Nonetheless, the role of Skp2 in normal TGF-␤ signaling requires further investigation.
